Abstract Aims/hypothesis: Insulin resistance may be associated with ectopic fat accumulation potentially determined by reduced lipid oxidation. In patients with type 1 diabetes peripheral insulin resistance is associated with higher intramyocellular lipid content. We assessed whether these patients are also characterised by intrahepatic fat accumulation and abnormal fat oxidation. ; p<0.001). Endogenous glucose production was higher in diabetic patients (p=0.001) and its suppression was impaired during insulin administration (66±30 vs 92±8%; p=0.047) in comparison with normal subjects. Plasma glucagon concentrations were not different between groups. The estimated hepatic insulin concentration was lower in diabetic patients than in normal subjects (p<0.05), as was the intrahepatic fat content (1.5±0.7% and 2.2±1.0% respectively; p<0.03), the latter in association with a reduced respiratory quotient (0.74±0.05 vs 0.84±0.06; p=0.01) and increased fasting lipid oxidation (1.5±0.5 vs 0.8±0.4 mg kg -1 min -1 ; p<0.01). Conclusions/interpretation: In patients with type 1 diabetes, insulin resistance was not associated with increased intrahepatic fat accumulation. In fact, diabetic patients had reduced intrahepatic fat content, which was associated with increased fasting lipid oxidation. The unbalanced hepatic glucagon and insulin concentrations affecting patients with type 1 diabetes may be involved in this abnormality of intrahepatic lipid metabolism.
H 2 ]glucose infusion to assess whole-body glucose metabolism; (2) indirect calorimetry to assess glucose and lipid oxidation; and (3) localised 1 H-magnetic resonance spectroscopy of the liver to assess intrahepatic fat content. Results: Patients with type 1 diabetes showed a reduced insulin-stimulated metabolic clearance rate of glucose (4.3±1.3 ml kg -1 min -1 ) in comparison with normal subjects (6.0±1.6 ml kg -1 min -1 ; p<0.001). Endogenous glucose production was higher in diabetic patients (p=0.001) and its suppression was impaired during insulin administration (66±30 vs 92±8%; p=0.047) in comparison with normal subjects. Plasma glucagon concentrations were not different between groups. The estimated hepatic insulin concentration was lower in diabetic patients than in normal subjects (p<0.05), as was the intrahepatic fat content (1.5±0.7% and 2.2±1.0% respectively; p<0.03), the latter in association with a reduced respiratory quotient (0.74±0.05 vs 0.84±0.06; p=0.01) and increased fasting lipid oxidation (1.5±0.5 vs 0.8±0.4 mg kg -1 min -1 ; p<0.01). Conclusions/interpretation: In patients with type 1 diabetes, insulin resistance was not associated with increased intrahepatic fat accumulation. In fact, diabetic patients had reduced intrahepatic fat content, which was associated with increased fasting lipid oxidation. The unbalanced hepatic glucagon and insulin concentrations affecting patients with type 1 diabetes may be involved in this abnormality of intrahepatic lipid metabolism.
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Introduction
Ectopic fat accumulation within the skeletal muscle has been hypothesised to be the pathogenic event responsible for the development of peripheral insulin resistance [1] . Increased intramyocellular lipid content (IMCL) was reported in association with insulin resistance in normal humans [2] , individuals with an increased risk of developing type 2 diabetes [3] and in patients with overt type 2 diabetes [4] . Similarly, ectopic fat accumulation within the liver has been reported in association with impairment of insulinstimulated glucose metabolism, of the suppression of endogenous glucose production, and of whole-body lipolysis in individuals with non-alcoholic fatty liver disease [5] . Recently, intrahepatic fat (IHF) content has been assessed as a continuous variable by means of 1 H-magnetic resonance spectroscopy (MRS), and was reported to be associated with hepatic insulin resistance in non-diabetic individuals [6] .
It has also been shown that, in patients with type 1 diabetes, as in patients with type 2 diabetes, peripheral and hepatic insulin resistance may be associated with higher IMCL content [4] and that these patients have a greater reliance on lipid than on carbohydrate oxidation to maintain energy homeostasis in the resting condition [7] , during moderate exercise [8] and after strenuous exercise [9] .
Hypothesising that ectopic fat accumulation may be associated with impairment of insulin action at both the skeletal muscle and the liver site, and based on the hypothesis that hepatic fat content may be influenced by lipid oxidation, the present study was undertaken to assess whether moderately insulin-resistant patients with type 1 diabetes are characterised by abnormal IHF accumulation.
Subjects, materials and methods

Subjects
Nineteen patients with type 1 diabetes and 19 healthy individuals were recruited in the outpatient services of the Diabetes Unit and of the Centre of Nutrition/Metabolism of the Scientific Institute H. San Raffaele, Milan. Among the diabetic patients, two had proliferative retinopathy, nine had non-proliferative retinopathy and five had sensorymotor neuropathy. Normal subjects were comparable to patients with type 1 diabetes for anthropometric features and lifestyle habits. Habitual physical activity was assessed using a questionnaire [10] . Body weight was stable for at least 6 months and the women were not taking oral contraceptive steroids. A history of hepatic disease, substance abuse or daily consumption of more than one alcoholic drink daily (<20 g/day) or the equivalent in beer and wine were exclusion criteria. The anthropometric characteristics of the subjects are summarised in Table 1 . All subjects were in good health, as assessed by medical history, physical examination, haematological analysis and urinalysis. Informed consent was obtained from all subjects after explanation of the purposes, nature and potential risks of the study. The protocol was approved by the Ethical Committee of the Scientific Institute H. San Raffaele.
Experimental protocol
Subjects were instructed to consume an isocaloric diet and to abstain from exercise activity for 3 weeks before the studies. Women were studied between days 3 and 8 of the menstrual cycle. Subjects were studied by means of the euglycaemic−hyperinsulinaemic clamp to assess wholebody insulin sensitivity after a 10-h overnight fast. Within 2−3 days they were studied by means of 1 H-MRS in order to assess IHF content. The MRS session was performed in the Division of Diagnostic Radiology of our Institute between 07.00 and 09.00 hours after a 10-h overnight fast. Because lipid oxidation and the IHF content may be affected differently in the fasting condition by an overnight insulin infusion and in order to study the patients with diabetes as they may be in everyday life, they were instructed to undergo the usual therapeutic regimen the day before the studies and to abstain from any s.c. insulin only in the morning of the clamp and MRS studies. ) was started. Normal subjects were admitted at 07.00 hours after a 10-h overnight fast. A Teflon catheter was inserted into an antecubital vein for infusions and an additional one was inserted retrogradely into a wrist vein for blood sampling. The hand was kept in a heated box throughout the experiment to allow sampling of arterialised venous blood. A bolus of [6, H 2 ]glucose (5 mg/kg body weight) was administered to normal subjects; the bolus administered to diabetic patients was adjusted as described previously [11] according to the fasting plasma glucose concentration. Immediately after the administration of the bolus a continuous infusion (0.05 mg/kg body weight per minute) of [6, H 2 ]glucose (Masstrace, Woburn, MA, USA) was started. Blood samples for postabsorptive plasma glucose, total cholesterol, HDL cholesterol, triglycerides, NEFA and free insulin were performed in duplicate in the postabsorptive condition. Following a 150-min tracer equilibration period, a euglycaemic−hyperinsulinaemic clamp was performed as described previously [4] . Insulin was infused at 40 mU m 3 min -1 and plasma glucose concentration was kept at ∼5 mmol/l for additional 150 min by means of a variable infusion of 20% dextrose infusion. When fasting hyperglycaemia was present in patients with type 1 diabetes, we attempted to reduce it and maintain it close to the euglycaemic level ( Fig. 1 ). Blood samples for plasma hormones, substrates and tracer enrichment were drawn every 15 min throughout the study.
Indirect calorimetry
Indirect calorimetry was performed continuously, while the subject was lying quietly, for 45 min during the basal equilibration period and at the end of the clamp, using a ventilated hood system (2900 Metabolic Measurement Cart; Sensormedics, Milan, Italy) to measure volume of oxygen utilisation and carbon dioxide output in order to calculate glucose and lipid oxidation. The mean CV within the session was below 2% for measurements of both O 2 and CO 2 .
Hepatic 1 H-magnetic resonance spectroscopy 1 H-MRS was performed at rest and with the patients in the supine position with the use of a 1.5 T whole-body scanner (Gyroscan Intera Master 1.5 MR System; Philips Medical Systems, Best, The Netherlands) using a conventional circular superficial coil (C1 coil). First, coronal and transverse images of the liver were obtained in all patients. Then, T1 in-phase and out-of-phase sequences were obtained to look for a potential loss of signal on out-ofphase images, indicating the presence of IHF accumulation. Next an 8-cm 3 spectroscopic volume of interest was positioned within the right lobe, avoiding major blood vessels, intrahepatic bile ducts and the lateral margin of the liver. Voxel shimming was executed to optimise the homogeneity of the magnetic field within the specific volume of interest. Two 1 H spectra were collected from the hepatic parenchyma in the same prescanning conditions using a point-resolved spectroscopy pulse sequence (interpulse delay repetition time 3000 ms, spin echo time 25 ms, 1024 data points over a 1000-Hz spectral width, 64 acquisitions) with and without suppression of the water signal respectively. Areas of resonances from protons of water (4.8 parts per million [ppm] ) and methylene groups in fatty acids chains of the hepatic triglycerides (1.4 ppm) were obtained with a time-domain non-linear fitting routine using commercial software (VARPRO-MRUI; available from www.mrui.uab.es; accessed 15 July 2005). The IHF percentage was calculated by dividing the integral of the methylene groups in fatty acid chains of the hepatic triglycerides by the sum of methylene groups and water and multiplying by 100. This procedure was validated against the assessment of lipid content obtained by means of liver biopsies in humans [12] .
Analytical procedures
Plasma glucose was measured with a Beckman glucose analyser [4] . Plasma NEFA and plasma total cholesterol, HDL cholesterol and triglycerides were measured as described previously [4] . LDL cholesterol was calculated using the Friedwald formula. Plasma free insulin was measured with a commercially available RIA kit (Linco Research, St Charles, MO, USA). Plasma leptin concentrations were determined as described previously [4] by RIA with a human kit (Linco Research). Plasma adiponectin was measured using a commercially available RIA kit (Linco Research) as described previously [4] . Plasma resistin was measured using a commercially available ELISA kit (BioVendor Laboratory Medicine, Brno, Czech Republic). d 2 -Glucose enrichment was measured by GC-MS as described previously [4] .
Calculations
Glucose kinetics were calculated using Steele's equations for the non-steady state [13] . Steady state of plasma di- deuterated glucose enrichments was reached in the study groups during both the end of the equilibration period and the last 30 min of the insulin clamp. Endogenous glucose production was calculated by subtracting the glucose infusion rate from the rate of glucose appearance measured with the isotope tracer technique. Total body glucose uptake was determined during the clamp by adding the rate of residual endogenous glucose production to the rate of glucose disappearance. The metabolic clearance rate was calculated to normalise the glucose turnover rate to the plasma glucose concentration. Glucose, lipid and protein oxidations were estimated as described previously [14] in the postabsorptive state. During the insulin clamp, protein oxidation was corrected for changes in pool size [15] . Estimated portal venous insulin concentration was calculated assuming a constant portal-to-peripheral insulin gradient of 2.4:1 [16] . Estimated hepatic sinusoidal insulin concentration was calculated by assuming that hepatic sinusoid receives 80% of its blood supply from the portal vein and 20% from the hepatic artery [17] .
Statistical analysis
Data are means±SD. Analyses were performed using SSPS (version 10.0; SPSS, Chicago, IL, USA). The steady state for plasma glucose 6,6-2 H 2 enrichment was defined as a non-significant correlation with time (p>0.05) using linear regression. Independent t-tests (two-tailed) were used to compare basal values between groups and a p value less than 0.05 was considered statistically significant. Twofactor repeated measures ANOVA was used to assess group and insulin effects and group × insulin interactions with respect to the parameters of energy homeostasis, glucose and lipid metabolism during the clamp when appropriate. Two-tailed Pearson correlation analysis was performed to assess associations between variables.
Results
Anthropometric and laboratory characteristics of study groups Anthropometric parameters of study subjects are summarised in Table 1 . Patients with diabetes and normal subjects were matched for age, sex, BMI and physical activity index. Postabsorptive plasma glucose was higher in patients with diabetes in comparison with normal subjects (Table 1) . During the clamp, plasma glucose concentration was maintained at the fasting level in normal subjects, while in patients with diabetes it was clamped at a higher level (6.5±1.0 vs 4.9±0.2 mmol/l; p=0.046; Fig. 1 ). In patients with diabetes the therapeutic control of glucose homeostasis was poor, as reflected by the HbA 1 c level (Table 1) . Plasma NEFA concentration was also higher in diabetic patients in comparison with normal subjects (Table 1) and during the clamp it dropped similarly in the two study groups but remained at a slightly higher level in diabetic patients in comparison with normal subjects (0.12±0.03 vs 0.08±0.02 mmol/l; p=0.051). Markers of kidney function and the lipid profile were not different between groups. Transaminases and γ-glutamyltransferase were within the normal range in all study subjects.
Glucose metabolism in the postabsorptive state and during the insulin clamp
The endogenous glucose production rate was increased in patients with type 1 diabetes with respect to normal subjects in the basal state (4.50±1. 28 ; p<0.01). During the clamp the diabetic patients showed a certain degree of insulin resistance with respect to the suppression of the endogenous glucose production (66±30 and 92±8% in diabetic and normal subjects respectively; p=0.047; Fig. 2a) . The metabolic clearance rate of glucose was also reduced in diabetic patients with respect to normal subjects (4.3±1.3 vs 6.0±1.6 mg kg IHF content 1 HMRS of the liver showed that the IHF content was reduced in patients with type 1 diabetes (1.5±0.7%) with respect to normal subjects (2.2±1.0%; p<0.03) (Fig. 2c ). Pearson's correlation analysis showed that the IHF content was not associated with parameters of peripheral and hepatic glucose disposal. Fig. 2d ). During the clamp the respiratory quotient increased in both groups (0.83±0.06 vs 0.90±0.05 in diabetic patients and normal subjects respectively) but remained higher in normal subjects (p=0.045). In association with this, similar suppression of lipid oxidation was observed in study groups (44±20 and 58±21% in diabetic patients and normal subjects respectively); despite this, lipid oxidation remained higher in diabetic patients than in normal subjects (0.91±0.51 vs 0.35±0.19 mg kg -1 min -1 ; p<0.001).
Endocrine profile
Fasting plasma insulin was not different between study groups (Table 2) . During the clamp, plasma insulin concentration was also not different between groups (385±83 and 366±21 pmol/l in diabetic patients and normal subjects respectively; p=0.238). The estimated hepatic insulin concentration in the fasting state was lower in diabetic patients than in normal subjects (Table 2 ). Fasting glucagon concentration was not different between study groups (Table 2) . On the basis of the concentrations given above, the glucagon/estimated hepatic insulin ratio was increased in type 1 diabetic patients when compared with normal subjects (p=0.047; Table 2 ). Concentrations of the plasma adipocyte-derived peptides leptin and resistin were not different between study groups; in contrast, plasma adiponectin concentration was higher in diabetic patients than in normal subjects (Table 2) .
Discussion
The present study demonstrates that in moderately insulinresistant patients with type 1 diabetes the IHF content is reduced and is not associated with insulin resistance. In these patients the reduced IHF content is associated with markers of enhanced whole-body fat oxidation, possibly due to the local effects of the higher glucagon/hepatic insulin ratio on liver substrate disposal. Insulin resistance characterises type 2 diabetes but several studies have shown that a certain degree of insulin resistance is also present in patients with type 1 diabetes [18] , especially when metabolic control is poor [19] . In agreement with the hypothesis that ectopic fat accumulation may be related to impaired insulin action, an increased IMCL content in association with peripheral insulin resistance was reported in patients with type 1 diabetes as well as in patients with type 2 diabetes and their relatives [4] . More recently it was suggested that ectopic fat accumulation within the liver may be also associated with peripheral and hepatic insulin resistance in nondiabetic individuals [5, 6] and is common in obese patients with type 2 diabetes [20] . Some authors suggest that fatty liver represents a body composition manifestation of obesity and visceral adiposity in insulin-resistant subjects [21] , but at the same time they suggest that the impact on insulin sensitivity is determined regardless of intra-abdominal and overall adiposity [6] . Moreover, fatty liver accumulation appears to be peculiarly associated with hepatic insulin resistance; in fact moderate weight reduction in obese patients with type 2 diabetes was associated with reduced IHF content and improvement of hepatic insulin sensitivity but no change in insulin-stimulated peripheral glucose metabolism [22] . In the present study we report that in patients with type 1 diabetes and poor metabolic control in whom mild hepatic (Fig. 2a) and moderate peripheral insulin resistance (Fig. 2b) was detected, the IHF content (Fig. 2c) was reduced rather than increased in comparison with normal subjects. In patients with type 1 diabetes, variables other than anthropometric features and insulin action may affect the IHF content. On the basis of the increased mobilisation of NEFA from the adipose tissue (Table 1 ) and the increased glucagon/estimated hepatic insulin ratio (Table 2) characterising our patients with type 1 diabetes, we hypothesised that the capacity of their livers to oxidise fatty acids might be higher, with a possible consequent impact on the IHF content. Confirming this hypothesis, we found that the resting energy expenditure was not different between groups during both the fasting and the insulin-stimulated states, but the contribution of lipid oxidation was significantly increased in patients with type 1 diabetes, as reflected by the respiratory quotient and the lipid oxidation rates (Fig. 2d) . It is likely that this pattern of resting energy substrate oxidation, also reported by other authors [7] [8] [9] , may be determined by the unbalanced relative concentrations of hepatic glucagon and insulin. It is well known that elevation of the hepatic glucagon/insulin ratio activates the carnitine acyltransferase reaction, the first step in the oxidation of fatty acids, allowing the entrance of long-chain fatty acyl-CoA into the mitochondrion [23] . We suggest that in the everyday life of patients with type 1 diabetes with poor metabolic control the increased plasma concentration of NEFA, along with the increased plasma glucose and amino acid [24] concentrations, induces a nutritionally plentiful condition. At the level of the peripheral tissues, i.e. skeletal muscle, this increased flux of nutrients through the tricarboxylic acid cycle induces increments in the cytoplasmic level of malonyl-CoA, which is known to be a potent allosteric inhibitor of carnitine-palmitoyl-transferase-1 (CPT-1), and hence impairs the intramitochondrial transport of long-chain fatty acyl-CoA and limits their oxidative disposal. Intramyocellular accumulation of these triglyceride precursors would eventually push IMCL accumulation, as we have shown previously [4] , with a mechanism similar to what may be hypothesised for the skeletal muscle of insulin-resistant individuals with type 2 diabetes [25] . The increased IMCL content or the increased intramyocellular content of a specific fatty acid metabolite would mediate the development of muscular insulin resistance as a mechanistic defence against the increased nutritional flux. In contrast, at the level of the liver the flux of long-chain fatty acyl-CoA through the tricarboxylic acid cycle would be sustained despite nutrient excess, because of the permissive effect of the high hepatic glucagon/ insulin ratio in activating the hepatocytes' CPT-1 reaction in patients with type 1 diabetes, but not in those with type 2 diabetes. This view would explain why type 1 diabetes is a condition in which ectopic fat accumulation is limited to the skeletal muscle, as we have shown previously [4] , sparing the liver site; this ectopic fat accumulation in muscle may be sufficient to trigger peripheral insulin resistance, which may be present despite the lack of ectopic fat accumulation within the liver. Type 1 diabetes would therefore represent a peculiar condition in which the impact of oxidative disposal of substrates on the IHF content may be more profound than in type 2 diabetes, probably because of the unbalanced glucagon and insulin concentrations at the hepatic site. Supporting this hypothesis, Bugianesi et al. [26] have recently shown that increased NEFA flux may induce fatty liver infiltration despite greater whole-body lipid oxidation in insulin-resistant but non-diabetic individuals, in whom the portoperipheral insulin gradient and relative glucagon concentrations are not affected as they are in type 1 diabetic patients. This hypothesis clearly implies that the increased whole-body lipid oxidation reported in the present work in patients with type 1 diabetes is largely attributable to a feature of the liver and not to a skeletal muscle feature. It should be kept in mind that in this study lipid oxidation was assessed using indirect calorimetry, reflecting whole-body substrate oxidation. We cannot exclude the possibility that the association between lipid oxidation and IHF content would have been stronger if more specific measures had been employed. The finding of depleted liver fat content in patients with type 1 diabetes is remarkably similar to the finding of depleted liver glycogen stores in patients with similar features [27, 28] . In this regard, we need to emphasise that in the present study the patients were studied as they were in their everyday life (poor metabolic control), and therefore it is likely that these findings do not represent an intrinsic alteration but rather that they may be due to the poor therapeutic control. This view is supported by the fact that in type 1 diabetic patients with long-term near-normoglycaemia (HbA 1 c <7% for 1 year), hepatic glycogen synthesis was normalised after ingestion of a mixed meal in association with restoration of the glucagon/estimated hepatic insulin ratio [29] . Insulin and glucagon are considered to be of pivotal importance in the regulation of hepatic glycogen synthesis and turnover in humans [30] . We would expect a similar behaviour for the IHF content, and we are in the process of testing this hypothesis by measuring the long-term effects of intrahepatic pancreatic islet transplantation on the IHF content in individuals with type 1 diabetes.
Since studies have also implicated adipocyte-derived hormones in causing insulin resistance, modulating ectopic fat accumulation and possibly fat oxidation, we measured plasma concentrations of leptin, adiponectin and resistin in the fasting condition (Table 2) . Only the adiponectin concentration was different from that in normal subjects, confirming our previous report [4] , although we failed to find a significant association with the IHF content.
In conclusion, the present study demonstrates that in moderately insulin-resistant patients with type 1 diabetes the IHF content is reduced. Therefore, it cannot be considered a mediator of peripheral and hepatic insulin resistance in this condition, as suggested, in contrast to patients with type 2 diabetes. We propose that the enhanced wholebody fat oxidation found in these patients, which is probably due to the unbalanced hepatic glucagon and insulin concentrations, may contribute to the lower IHF content. This supports the potential role of a defect of liver fat oxidation in the pathogenesis of non-alcoholic fatty liver disease and highlights the therapeutic potential of the modulation of hepatic fatty acid oxidation.
